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In most magnetic materials, the exchange interaction is symmetric, favoring a collinear alignment of spins. However, recently a new type of magnetic system with broken inversion symmetry has moved to the focus of modern solid-state physics. In such systems, the interfacial DzyaloshinskiiMoriya interaction (DMI) 1,2 favors a perpendicular alignment of adjacent spins and its interplay with the symmetric exchange interaction then leads to a helical spin structure with well-defined handedness. [3] [4] [5] [6] [7] [8] [9] One of the most interesting spin structures that originates from this type of material is the magnetic skyrmion. 3, 4, 10, 11 This topologically non-trivial, particle-like structure exhibits very interesting properties, such as topological stabilization and predicted efficient current-induced motion. [12] [13] [14] [15] One major advantage is that skyrmions experience a repulsive force from geometrical boundaries such as the edges of a magnetic track. This is in contrast to ordinary domain walls, which are strongly affected by edge roughness. As a result, skyrmions interact less with geometrical irregularities and are expected to move smoothly and with high stability along the track. In combination with an efficient driving mechanism, such as spin orbit torques, [16] [17] [18] this makes them promising candidates for future applications, where fast and reliable switching is key. 19, 20 However, during current-induced displacements, skyrmions have been predicted to exhibit an effect that is similar to the Hall effect for electrons and that is therefore called skyrmion
Hall effect. As a result, the current not only induces longitudinal but also transversal motion of the skyrmions, which has to be considered especially in logic gates. 20 The skyrmion Hall effect plays an important role in the dynamics of skyrmions because it can change the transversal position of the skyrmion within the track and therefore lead to the annihilation of the skyrmion quasi-particle at the edge. Since skyrmions at rest are expected to be always centered in the track due to the edge repulsion, quasi-static imaging can lead, in particular in low-pinning systems, to incorrect determination of the skyrmion Hall angle. Only direct dynamic imaging of the displacement in real time can reveal the dynamic velocities and displacement direction to understand and tailor the skyrmion motion in devices.
In this work, we perform pump-probe x-ray microscopy that for the first time reveals the realspace trajectories and dynamic velocities of individual skyrmions in a magnetic racetrack. Our results demonstrate that the necessary reproducibility and uniformity of the motion for time resolved measurements of current induced dynamics excited by spin orbit torques (SOTs) is indeed realized in our optimized stack structure, showing the applicability for devices. We
Page 4 of 24 observe a large skyrmion Hall angle and find a strong dependence on the skyrmion velocity that cannot be explained by standard micromagnetic simulations that only include the conventionally used damping-like (DL)-SOT. 16 We find that micromagnetic predictions qualitatively reproduce the observed skyrmion behavior when including field-like (FL) SOTs. This result suggests that the FL-SOT plays a more important role than expected so far and we explain the observations based on excitations of the skyrmion spin structure that go beyond the previously assumed rigid skyrmion description of the dynamics.
To reveal the interplay between FL and DL torques and their influence on the resulting skyrmion dynamics, we used an optimized low pinning stack based on thin multilayers of [Pt(4.5 nm)/CoFeB(0.7 nm)/MgO(1.4 nm)]15. The contrast between very high DMI at the Pt/CoFeB interface and the lower DMI at the CoFeB/MgO interface results in a large net DMI and additionally, the materials composition yields a strong perpendicular magnetic anisotropy (PMA).
Together, these are able to stabilize magnetic skyrmions in the stack at room temperature as previously shown in Ref. [17] . Furthermore, this material exhibits excellent homogeneity, resulting in a very low pinning energy landscape and thus has great potential for obtaining reliable skyrmion dynamics. In particular, the reproducibility of skyrmion motion resulting from low pinning is crucial for pump-probe dynamics measurements that reveal the dynamic velocities.
Since the experimental contrast is integrated over billions of repetitions of the excitation process, variations in the skyrmion trajectories due to stochastic processes would not allow for a clear signal. The schematics of the measurement can be found in Figure 1 .
First, we determine the topological properties and average velocities of the skyrmions, which identify the observed spin structures as chiral skyrmions and not non-chiral bubble skyrmions. 13, 21 As already introduced in Ref. [17] , we used the dependence of the skyrmion trajectory on the DMI to determine the chirality of the system. The direction of the SOT driven motion of the skyrmion along the track (± x) depends only on the sign of the DMI constant D, for a given spin Hall angle, and is independent of the skyrmion polarity. We find that the skyrmion motion occurs against the electron flow direction, which is the characteristic behavior for left- [11, 17] . A typical view of such a skyrmion and a fit of its out-of-plane (OOP) magnetization profile can be found in Figure 2A+B . Note that the analysis takes into account the convolution with the x-ray beam diameter that increases the observed contrast diameter as compared to the real skyrmion diameter. The skyrmion diameter shown in the figure represents the apparent skyrmion size during the dynamics. To excite the dynamics, we applied bipolar current pulses designed to drive the skyrmions back and forth to restore the initial state after each pump-probe cycle. This allows for time-resolved imaging where each frame corresponds to a snapshot of the skyrmions during the measurement cycle and therefore also during the excitation (details in methods section).
Previous work demonstrated high average skyrmion velocities exceeding 100 ms -1 at current densities around 510 11 Am -2 , enabled by the low pinning in this material 17 . However, that work relied on static imaging of the skyrmion positions before and after current-pulse application, without providing information on the dynamic trajectories and velocities. Pump-probe measurements, by contrast, provide access to dynamic (time-resolved) velocity profiles of the skyrmions, which cannot be directly inferred from conventional static measurements because material inhomogeneities (e.g. pinning sites) can significantly influence the dynamic trajectory and velocities. Furthermore, the open question of the effective mass and the inertia, as previously found to be sizeable for bubble skyrmions 13 , can only be revealed by dynamic imaging. Therefore, as a first step, we extract the dynamic velocities of the skyrmions as a function of time. This can be done by tracking the skyrmion positions in each frame of the pump-probe measurement and then calculating the displacements within the given time between the frames. Because our samples are placed on thin silicon nitride membranes in vacuum, the heat dissipation is poor. For this reason, we include an increased delay between the unipolar pulses with positive and negative polarity to allow the system to cool down (in the supplemental movies we omit the frames corresponding to this delay period to highlight the important times during the pulse injection where the dynamics occur). Figure 2C shows the time resolved skyrmion velocity. It can be seen that the velocity follows the current density without any noticeable delay, implying that the observed skyrmions exhibit only a small inertia (upper bound ≈ 1.310 -21 kg), which is significantly lower than the values measured in [13] , where the inertia was found to be large for non-chiral Page 6 of 24 bubble skyrmions. This can be explained as derived in [13] : The skyrmion mass scales inversely with the rigidity of the spin structure, which in our case is very high because of the strong DMI.
The DMI lowers the effective mass, because it makes the spin structure more rigid and thus counteracts the deformations needed for generating the effective mass. As a result, the mass of our skyrmions can be expected to be small as compared to the non-chiral bubble skyrmions observed in [13] , which is in line with the observations and in agreement with our micromagnetic
simulations showing a delay of < 100 ps and a very similar response as compared to the experimental observations (Fig. S2 ).
Furthermore, the extracted peak dynamic velocities are slightly higher than the averaged ones in the current density versus velocity plots derived from static measurements 17 . This effect stems from the unknown threshold current density in the static imaging and the dynamic velocity vs. current-density dependence that only dynamic imaging is able to reveal. Comparing the width of the pulse and the width of the response, one can see that the absolute amount of time the skyrmions move due to the current pulse (~6 ns) is comparable to the full-width-at-half-maximum (FWHM) value of the excitation itself, while the shapes fit the expected ones from simulations very well (Fig. S2 ). This means the skyrmions move very efficiently, with velocities reaching those predicted for perfect, pinning-free, systems. The knowledge of the exact velocity as a function of current density is especially important for short current pulses with non-rectangular shape. In this case, the skyrmions do not move with the velocities expected from averaged current density values and therefore will end up at a different location in the track, which can only be predicted by knowing the dynamic velocities that we reveal here.
Next, we use dynamic imaging to study the skyrmion properties during the dynamics, which is completely inaccessible by conventional quasi-static measurements. Micromagnetic simulations predict that the skyrmion can change its size and in particular above a threshold current density, the skyrmion size is predicted increases significantly and continuously during its motion. This can significantly alter the skyrmion's behavior and, since it shrinks back to its equilibrium size after several nanoseconds, cannot be detected without dynamic imaging. For our current densities our experiment reveals no significant difference of the size due to the current ) (Fig. 2D) . The parallel trajectories of several freely moving skyrmions are clearly visible, indicating fully reproducible motion without significant influence from pinning (otherwise the pump-probe measurements which combine over 10 9 repetitions of the dynamic process would only show noise due to stochastic motion). All skyrmion trajectories show the same constant angle with respect to the current flow direction for the same current density, which is hallmark of the skyrmion Hall effect.
Surprisingly, our experimental data collected for several current densities shows a pronounced dependence of the skyrmion Hall angle on the skyrmion velocity as shown in Figure 3 . This is in contrast to previous micromagnetic simulations, 22 as well as analytical models of rigid skyrmion motion driven by antidamping torque, 16 which predict a velocity-independent skyrmion Hall angle ΘSH given by
, where G is the gyrovector,  is the damping parameter, and D is the dissipation factor 16 . For a skyrmion whose radius R is much larger than the domain wall width , one can show that an increased error bar (see Fig. S3 ) we also cannot explain the behavior (see supplementary information section S3) at the experimental current densities. ‡ We conclude further that there must be an additional, intrinsic effect, which is influencing the skyrmion trajectories. We have studied possible scenarios that can explain this increase of the observed angles with increasing skyrmion velocity. One parameter, which has previously been neglected, is the sizeable field-like (FL) SOT that has been observed in these multilayer materials.
Its influence can be quantified by the field-like parameter ξ, which is the ratio of the FL and DL torque. So far, only rigid skyrmions or skyrmions that only deform slightly and excitations with a simplified DL-SOT have been considered. In this case, simulations and the Thiele equation assuming a fully rigid skyrmion predict no influence of the FL-SOT on the skyrmion trajectories at all, whereas additional degrees of freedom that allow the skyrmion to slightly deform and breathe 26 can lead to an influence of a FL-SOT as we show here (Fig. 4 , more details in Fig. S4 and Fig. S5 ). 27 Together with a non-simplified SOT with DL and FL components [28] [29] [30] we find a significant influence of the FL-SOTs: an increasing current and thus an increasing FL-SOT changes the skyrmion Hall angle (Fig. 4) . It furthermore affects larger or faster skyrmions to a much greater extent than smaller or slower ones since the former are less rigid and thus are more susceptible to this effect. While the calculated and observed skyrmion Hall angle dependence on the current density agree qualitatively, we find some quantitative differences. These can be attributed to thermal excitations, which increase the skyrmion deformation but are not taken into account in the zero temperature simulations, calling for future theoretical efforts beyond the scope of this work.
The displacement of skyrmions occurs at an angle with respect to the current flow direction demonstrating the presence of a skyrmion Hall effect. This angle increases linearly with the velocity and we can qualitatively attribute this to the previously underestimated influence of the field-like SOT for skyrmions that deform during the dynamics. This offers a new approach to explain the complex skyrmion dynamics and provides an additional handle for tailoring the dynamic properties. Combined with the highly reproducible dynamics, we thus show that the ‡ We note that during the preparation of this manuscript, we became aware of a related static observation of the skyrmion Hall angle as a function of current density and a corresponding theoretical work [24, 25] showing qualitatively a similar trend at low current densities that could originate from pinning.
developed Pt/CoFeB/MgO multilayer stack exhibits skyrmions that are apt for spintronics applications.
Methods
We The track structures were patterned with electron beam lithography and lift-off process.
Contact pads were patterned with a second lithography step, followed by the deposition of Ti(5nm)/Au(100nm) bilayers using e-beam evaporator.
The measurements were carried out using scanning transmission x-ray microscopy (STXM) at the MAXYMUS beamline at the BESSY II synchrotron in Berlin, Germany. This technique exploits the X-ray Magnetic Circular Dichroism (XMCD) effect that leads to a different absorption of circular polarized X-rays dependent on the magnetization structure in the sample. The result is a difference in the transmitted photon intensity, which directly corresponds to the magnetization pattern within the sample (Fig. 1B) . The time-resolved measurements were performed in pumpprobe mode of the setup, allowing us to synchronize the excitation of the sample (pump) with the illuminating X-ray bunches of the synchrotron (probe). This finally ends up in a stroboscopic movie that shows the time-resolved response of the sample in frames. Imaging was performed in out-of-plane (OOP) mode, resulting in an orthogonal incidence angle of the circularly polarized xray beam that probes the OOP component of the magnetization in the film. Since the technique uses transmitted photons to detect the magnetization pattern, the information about magnetization structures in the film is intrinsically averaged over all layer repetitions.
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The Pt/CoFeB/MgO devices were 2 µm wide and 5 µm long. Pump-probe measurements were performed by injecting bipolar current pulses into the track through gold contacts deposited on top. The duty cycle was chosen to be as low as possible in order to give the system enough time to cool down during the measurements. The repetition rate of the applied bipolar pulses was ~750 kHz and the length (FWHM) of a single pulse ~5 ns. The mentioned current densities were calculated under the assumption that the amount of current in the MgO layer can be neglected; that is, only the thicknesses of Pt and CoFeB were used to determine the current densities.
The positions of the centers of the skyrmions xi and yi were calculated by their center-ofmass with the weights (c -pi), where pi is the grey value of the corresponding pixel (ranging from 0 to 255) and c is the highest possible grey-value (255). The center of mass of each skyrmion was calculated within the circular mask with a radius of 5 pixels (for the particular field of view and pixel resolution chosen), which ensures that each skyrmion is fully inside the mask. In order to minimize the error from the position of the mask with respect to the skyrmion, we shifted the mask to the four nearest neighboring pixels and the resulting skyrmion position was estimated by averaging the five center positions to achieve maximal accuracy.
Micromagnetic simulations were performed based on the MicroMagnum micromagnetic software, available at http://micromagnum.informatik.uni-hamburg.de/ with additional modules for DMI and SOTs developed in our group. To speed up the simulations, we used the effective medium approach introduced in [17] . This approach can shrink the whole film with 45 layers into one effective layer, which exhibits the same static and dynamic properties as the full film. The systems were discretized with mesh sizes of 11 nm 2 the experimental description given in [30] , the SOTs were implemented by adding the torques directly to the explicit LLG equation:
The SO torque term . Domain width as a function of applied OOP field. The fits were carried out using A·tanh(w·x+c)+d 31 and yielded a terminal domain width of approximately 127 ± 5 nm. The averaged periodicity is 344 ± 10 nm. The DMI can then be extracted using the method established in [17] .
Section 2: Expected Pulse Shapes
One intrinsic property of the pump-probe technique is the stroboscopic type of imaging, which one has to take into account when predicting the theoretical shape of the skyrmion velocity as a function of current density. For this example, we used a Gaussian excitation pulse and the experimental time step of 2 ns with a time resolution of 70 ps to predict the expected response in the experiment. The result is slightly dependent on the start of the sampling with respect to the start of the pulse. The two plots in Figure S2 show the expected response as a function of time and are in good agreement with the experimental observations. This implies that the experimental system can be described well by micromagnetic simulations. angle. The 1σ-interval can be estimated by ±5°. The only parameter that has a slightly higher influence is the DMI for a change of >0.1 mJm -2 . However, there is no evidence that the DMI exhibits a strong temperature dependence for the temperature range above room temperature that we probe by current heating and as heating is proportional to I 2 , the observed linear dependence of the angle on the velocity cannot be explained based on changes of these materials parameters.
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Section 4: Influence of the FL-SOT on the Skyrmion Hall Effect
To demonstrate that the FL-SOT has a strong influence on the skyrmion behavior, we simulated the skyrmion Hall angle as function of the current density for different values of the FL-constant ξ as well as the influence of ξ directly on the Hall angle. As visible in Figure S4 and S5, ξ indeed influences the behavior of the skyrmions systematically. While a pure DL-SOT (ξ = 0)
shows no significant dependence of the angle as function of the current density, finite values of ξ can lead to a strong current-dependence of the skyrmion Hall angle. Since the sign of the dependence (increase or decrease) depends on the sign of ξ, this allows to determine the sign of the FL-SOT in these systems. While the absolute angles obtained here do not quantitatively agree, this shows that the deformation of the skyrmions together with the FL-SOT can definitely lead to a dependence of the skyrmion Hall angle on the current density as observed in the experiment.
To obtain quantitative agreement, finite temperature simulations are needed, which better reproduce the excitations of the skyrmion. These are, however, beyond the scope of this work and not widely accessible. Hall angle on the current density was found.
Section 6: Experimental pump-probe movie
An example of the experimentally obserbed skyrmion dynamics (current density 3. 
